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We report orientation-specific, surface-sensitive structural characterization of colloidal CdSe nanorods with
extended X-ray absorption fine structure spectroscopy and ab initio density functional theory calculations.
Our measurements of crystallographically aligned CdSe nanorods show that they have reconstructed Cd-rich
surfaces. They exhibit orientation-dependent changes in interatomic distances which are qualitatively reproduced
by our calculations. These calculations reveal that the measured interatomic distance anisotropy originates
from the nanorod surface.

Introduction

Surface structure and morphology play a key role in
determining the physical and chemical properties of colloidal
nanocrystals. For example, their rate of growth, size, and shape
are influenced by the relative stability of different surface facets
and the selective adhesion of surfactants.1 In addition, in the
case of semiconductor nanocrystals, the localization properties
of surface electronic states and those of the potential confining
the electrons are affected by the presence of organic capping
groups.2 Yet the characterization of the surfaces of colloidal
nanoparticles remains a major experimental challenge. These
surfaces are not atomically flat, posing great difficulties for the
use of atomic scale scanning tunneling microscopy or low-
energy electron diffraction techniques. The presence of multiple
facets and edges further complicates measurements, and most
current experimental techniques can only detect average proper-
ties.

In this work we use a combination of extended X-ray
absorption fine structure (EXAFS) spectroscopy and density
functional theory (DFT) calculations to investigate the surfaces
of aligned colloidal nanorods. This combined approach allows
one to observe surface relaxations along different crystal-
lographic directions and to determine atomistic details of surface
structure at the nanoscale.

Experimental Section

Preparation of Oriented Nanorod Assemblies for EXAFS.
Liquid crystalline solutions of CdSe nanorods (3 nm diameter,
60 nm length) were prepared as described earlier,3,4 in which
the rods aligned parallel to each other along theirc-axes.
Throughout the experiment, the rods were kept air- and water-

free. The nanorods are capped with alkylphosphonic acids and
have the hexagonal wurtzite crystal structure; their long axes
coincide with their crystallographicc-axes.1 Control samples
with unoriented rods were prepared in a similar manner.

EXAFS Spectroscopy and Data Analysis.Se K-edge XAS
was collected from the CdSe rods at Advanced Light Source
beamline 10.3.2 (Berkeley, CA), using a 16µm (horizontal)×
7 µm (vertical)µm beam spot.5 This small spot size allowed us
to collect data from a single domain of oriented nanorods. We
then rotated the sample to measure XAS at multiple rod
orientations with respect to the polarization of the X-rays (Figure
1C; see Figure S1 (Supporting Information) for raw dichroism
data). XRD was collected before and after each acquisition of
XAS for each rod orientation, both to determine the orientation
distribution and to ensure that no shift occurred during measure-
ment (orientation distributions are contained in Table S1 of the
Supporting Information). Nanorod samples were cooled to-50
°C in order to prevent such shifts. Bulk standards were measured
at room temperature. Fourier transform magnitudes of the data
from bulk standards and nanorods are shown in Figure S2
(Supporting Information).

The EXAFS data were subjected to background subtraction,
normalization, conversion tok-space withk2 weighting, and
Fourier-filtering per a previously reported procedure.6 To obtain
structural parameters (e.g., interatomic distancesr, coordination
numbers (CNs), and mean squared distance displacements, or
distribution of interatomic distancesσ2), the filtered nanorod
spectra were fit to reference data. Bulk first nearest-neighbor
distance (1NN) data were used as the 1NN reference. Second
(2NN) and third (3NN) nearest-neighbor distance references
were derived from bulk CdSe data, elemental Se data, and
scattering calculations with FEFF 8.1.7,8

Due to the uniaxial symmetry of the nanorods, for small
changes we can express the angular dependence of an inter-
atomic distancer within a given atomic coordination shell as

which is valid for a sample whose apparent coordination number
is angle-independent, as in our case.9 Here θ is the angle
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rj(θ) ) (r| - r⊥)〈cos2 θ〉 + r⊥, (1)
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between the X-ray beam polarization and the nanorodc-axes,
and the angle brackets denote an orientational average over the
rods, derived experimentally with XRD.rj(θ), the measured
value of r at a given value ofθ, is a weighted sum of axial
distances (along thec-axis) and equatorial distances (along the
a-/b-axes); hence, axial and equatorial distances are not
individually resolved.r| andr⊥ are the extrapolated values ofr
when the rodc-axes are parallel and perpendicular to the beam
polarization, respectively, and are weighted sums of axial and
equatorial distances as well. We define the anisotropy inr as
the differencer| - r⊥. Linear relationships with respect to〈cos2

θ〉 similar to eq 1 can also be applied to atomic coordination
numbers and mean-squared relative distance displacements.

Using eq 1, we derived anisotropies for 1NN distances (Cd-
Se bond lengths) and 2NN distances (Se-Se distances). Results
from these fitting procedures were confirmed by an alternative
corefinement fit, in which we fit data from all angular
orientations simultaneously, thus maximizing the ratio of the
degrees of freedom to the number of fitting parameters (see
Tables S2 and S3 in the Supporting Information for the results
of these fits). We also attempted to add asymmetry in
interatomic distance distributions to the radial distribution
functions derived for 1NN and 2NN shells, but this did not yield
a consistent improvement of the fit. This may stem from the

use of room-temperature reference data for bulk CdSe, which
already contain anharmonicity effects with respect to zero T
data. We also analyzed data from a control study on nonaligned
rods, using the same procedures discussed above, to ensure that
the dichroism measured for the oriented rods did not originate
from spurious effects.

Ab Initio Calculations. To understand the structural origin
of the EXAFS measurements, we performed a series of first
principles, density functional theory (DFT) electronic structure
calculations. A complete 3 nm× 60 nm CdSe nanorod contains
approximately 16 000 atoms, which is too many for practical
ab initio simulation from first principles. Instead, we model the
nanorods as infinitely long nanowires which are periodic along
the [0001] direction (long axis). Our structural model (Figure
2) is a 2.4 nm diameter nanowire, with (1000) and (1-100)
side facets. The electronic structure of the nanowire and a
reference bulk structure were calculated using the Qbox10 and
ABINIT 11 ab initio molecular dynamics and pseudopotential
DFT codes, respectively. All calculations were performed using
the local density approximation (LDA), with the Ceperley-
Alder exchange-correlation functional.12 The wavefunctions
were expanded in a plane wave basis, with a 35 Ry energy cutoff
with 4 k-points along the [0001] direction in the nanowire. Norm
conserving, Troullier-Martins pseudopotentials, with 4d105s2

Figure 1. A. Cd-Se distances (first shell) versus〈cos2 θ〉. Inset: schematic drawing of SeCd4 tetrahedron in nanorods and bulk showing loss of
distortion in nanorods. B. Se-Se distances (second shell) versus〈cos2 θ〉. For both A and B, the black curves denote the 95% confidence bands,
while the blue lines are calculated for an oriented ideal bulk crystal of CdSe. The experimental fits are shown in red. The error bars displayed in
each of these plots are representative of the systematic error in each distance measurement. C. Schematic of nanorod orientation with respect to the
X-ray polarization, denoted by the double-headed arrow. D. Plot of cos2 θ-weighted Cd-Se distances from DFT calculation of a relaxed nanorod
versus cos2 θ. E. Plot of cos2 θ-weighted Se-Se distances from DFT calculation of a relaxed nanorod versus cos2 θ. The green lines denote the
surface nanorod distances, the black lines are the core nanorod distances, and the red lines the average of all distances. The blue lines are bulk CdSe
distances derived from the DFT calculation. In A and E the oriented bulk model data are shifted downward by 0.007 Å and upward by 0.04 Å,
respectively, for a better visual comparison.
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and 4s24p4 valence electrons were used to represent the Cd and
Se cores, respectively. For both the bulk and nanowire systems
the atomic coordinates were relaxed to their closest, lowest
energy atomic positions, with forces less than 5× 10-4 eV/Å.
The dimensions of the simulation supercells were also relaxed
to their lowest energy configurations to allow for changes in
the structural parametersc, u, anda, whereu is the ratio of the
nearest-neighbor distance along thec-axis toc.

Results and Discussion

Orientation-Dependent Variation of Interatomic Dis-
tances. EXAFS Measurements.Plots ofr versus〈cos2 θ〉 are
shown in Figure 1 for both the 1NN and 2NN distances, along
with the results of least-squares linear fits, including 95%
confidence bands. The orientation of the rods with respect to
the beam polarization is depicted schematically as well. Also
shown in these plots are the bulk CdSe model data. Bulk CdSe
does not have perfectly isotropic, tetrahedral bonding; the axial
1NN and 2NN distances are elongated and reduced, respectively,
by 0.005 Å. The error caused by neglecting these differences
when using the bulk powder as a model is negligible (see
Supporting Information). The nanorods do not show the 1NN
distance distortion (Figure 1A, inset) as evident from the lack
of anisotropy shown in Figure 1A; (r| - r⊥)nano) 0.000((0.001)
Å, while (r| - r ⊥)bulk ) 0.004 Å. However, the 1NN distances
were nearly the same as the bulk (r1NN,nano) 2.625( 0.001 Å;
r1NN,bulk ) 2.630 Å; bulk model data is shifted in Figure 1A for
a better visual comparison with nanorod data). Nanorod axial
2NN distances are reduced to 4.282((0.005) Å (r2NN,bulk,axial)
4.293 Å); equatorial (alonga/b-axes) 2NN distances are closer
to those in the bulk (r2NN,nano,equatorial) 4.304 ( 0.004 Å,
r2NN,bulk,equatorial) 4.298 Å). There is a significantly observable 2NN
distance anisotropy of-0.018( 0.012 Å (Figure 1B). All bulk
distances cited13 were adjusted for the experimental tempera-
ture.14 In these fits, it should be noted that the precision of
distance determinations is considerably better than the absolute

accuracy, because we are comparing samples that are structurally
very similar to each other (namely, nanorod liquid crystals
measured at different orientations). Thus, we can see small
distance changes between measurements at different orientations,
even if we cannot measure an absolute distance to better than
∼(0.015 Å. We observed no orientational dependence in our
measurements of atomic coordination numbers or mean-squared
relative distance displacements.

Comparison of Measured and Calculated Interatomic
Distances.The ideal and relaxed nanowire structures are shown
in Figure 2. We find that the core of the nanowire undergoes
relatively minor structural relaxations from the ideal bulk
wurtzite structure, while the surface of the nanowire spontane-
ously reconstructs to lower its energy. In particular, surface
atoms with a coordination number of 2 undergo the most
dramatic structural relaxations, wherein Se-Cd U-shaped
structures rotate so that the Cd atoms move into the surface of
the wire, increasing their coordination. This rotation is high-
lighted with arrows in Figure 2. Similar surface relaxations have
also been predicted for CdSe quantum dots.15 After relaxation,
the nanowire exhibits a broad distribution of bond lengths. The
Cd-Se bonds in the core of the nanowire deviate from their
bulk values by<1%, while those on the surface are altered by
up to 5%.

To compare the DFT-predicted relaxed structures with the
structures measured by EXAFS, in Figure 1D and 1E we plot
the 1NN and 2NN anisotropy of the DFT relaxed structures.
The qualitative changes in the anisotropy of both the 1NN and
2NN bonds are similar to those measured by EXAFS. For the
1NN, the relaxed bulk structure (blue line) exhibits a positive
anisotropy (elongation) along thec-axis, while the relaxed
nanowire (red line) exhibits almost no anisotropy, as was
observed with EXAFS. For the 2NN the bulk structure exhibits
a small elongation along thec-axis, while the nanowire exhibits
a strong negative anisotropy, with smaller 2NN bond lengths
along thec-axis, again in agreement with EXAFS measurements.

Figure 2. Top views and side views of the unrelaxed (A) and relaxed (B) 2.4 nm diameter CdSe nanowire structures obtained from DFT calculations.
The side view shows two periodic repeat units of the structure. Green atoms are Cd, white atoms are Se. The core atomic positions are mostly
unchanged, while the outer atoms shift. The relaxation of the surface Cd atoms is highlighted by arrows.
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In addition to predicting the total change in anisotropy when
moving from a bulk to nanowire geometry, the atomistic
simulations can investigate the structural origin of the anisotropy.
In Figures 1D and 1E, we separate the contributions to 1NN
and 2NN anisotropy from atoms in the core (black lines) and
on the surface (green lines) of the nanowires. This analysis
shows that the core 1NN bonds expand by∼1% compared to
the bulk and show a small positive anisotropy, while the surface
bonds contract by∼0.5% and do not show any anisotropy. In
contrast, both the core and surface 2NN Se-Se bonds show a
strong negative anisotropy, arising from an expansion of 2NN
distances perpendicular to thec-axis.

We note that while the calculated and measured trends in
bond lengths show good agreement, the DFT predicted bond
lengths are approximately 1% shorter than the measured ones.
This underestimate of the CdSe bulk bond length has been
observed in previous calculations16,17 and results from known
“overbinding” in semiconductors and insulators when described
within the local density approximation of DFT. We also note
that the measured and predicted structural anisotropies quali-
tatively agree, even though no surfactant molecules were
included in the DFT simulations. This result supports previous
theoretical predictions,15 indicating that the interaction between
surfaces of small CdSe dots and organic surfactants is weak
enough not to significantly perturb surface relaxations obtained
for bare dots. Previous calculations on bulk CdSe surfaces
indicated that surfactants will reduce surface relaxations,18 which
may explain why the DFT calculations presented here predict
a larger 2NN anisotropy than measured.

The observed compression of CdSe nanorods along their
c-axes appears to depend not only on their size, but their shape.
II-VI quantum dots of comparable size have displayed de-
creased bond distances with respect to the bulk.19 A study on
CdSe nanodots showed that both thec- and a-axes were
compressed,20 rather than just thec-axis. Bulk CdSe mechanical
properties do not explain the anisotropic compression in the
nanorods, as the elastic modulus along thec-axis (87.1 GPa) is
larger than that along thea-axis (74.6 GPa).21 As neither size
nor bulk properties explain the preferentialc-axis compression,
we conclude that the origin of this compression must lie in the
rod shape. This is consistent with structural studies on other
anisotropic nanomaterials, such as colloidal core-shell CdSe-
ZnS nanorods. As the ZnS shell thickness was increased, XRD
revealed an overall compression which was maximal along the
c-axis.22 Wurtzite GaN and ZnO nanowires23,24 also displayed
asymmetric changes in atomic distances, although their aniso-
tropy was of the opposite sign of the one observed here (their
long axes stretched, while their short axes shrank). Bulk ZnO
deviates more from perfect tetrahedral bonding than nanowire
ZnO,24 similar to what occurs in CdSe. However, when
comparing the behavior of ZnO and GaN with that of CdSe
rods, it is important to note that both of these nanowire materials
were grown differently than the CdSe nanorods, in particular,
with no surfactants.

Se Atomic Coordination on Nanorod Surfaces.Finally, we
have also investigated the CN of the Se atoms in the nanorods
as a probe of the Cd content on the nanorod surfaces. Our
measured 1NN and 2NN CNs are 3.6 ((0.05) and 9.98 (+0.96,
-0.72), respectively. These CNs fall in between those expected
for a completely Cd-terminated wire (4, 9.94) and those expected
for a stoichiometric wire (3.4, 10.1), indicating, as expected, a
slightly Cd-rich surface. These results are consistent with
Rutherford backscattering spectroscopy performed on CdSe dots
synthesized in a similar manner.25 Additionally, we observe no

angular dependence of the 1NN and 2NN CNs in the nanorods.
This is consistent with nanorod models based on the ideal
wurtzite lattice structure, which predict that the angular depen-
dence averages to zero when the contributions from all surface
facets of a cylindrical rod are included.

As the surface is not entirely Cd-coated, we explored the
possibility of having other atoms bound to Se. Data fits did not
improve when including the shells from reference compounds
of likely surface species, indicating that the only atom bound
to Se is Cd. Thus, there is probably unpassivated Se on the
nanorod surfaces, which agrees with previous theoretical and
experimental work on quantum dots.18,26

Conclusions

In conclusion, we have used a combination of EXAFS
measurements and DFT calculations to characterize the structure
and surfaces of CdSe nanorods. We found that, in the rods, 1NN
and 2NN distances are reduced along thec-axis with respect to
bulk CdSe, while distances along thea/b-axes are mostly
unchanged. DFT predictions for the relaxed structures qualita-
tively agree with these measurements. In addition, our calcula-
tions indicate that the most significant structural changes
accounting for the measured anisotropy occur on the surface of
the nanowires. Further comparisons between nanowire models
and our measurements show that the nanorod surfaces are Cd-
rich, with some unpassivated Se atoms. This investigation shows
that EXAFS measurements, combined with ab initio calcula-
tions, represent a powerful tool to investigate surface relaxations
at the nanoscale.
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